leads to decreasing the grain size and the secondary dendrite arm spacing of the primary a-phase, modifying the eutectic silicon particles and improving hardness [19] [20] [21] .
In this work, an Al-13%Si alloy manufactured via direct squeeze casting under various pressure levels and gravity die casting is studied. The effect of the applied pressure on the microstructure, the mechanical properties and the fracture behaviours and the correlation between their characteristics are analysed and discussed in order to optimize the most adequate pressure level.
1. Experimental Procedure.
Material.
The material used in this study is Al-13%Si alloy. Chemical properties of the used alloy are presented in Table 1 .
Casting Method.
The squeeze-casting experiments are performed on the experimental setup presented in Fig. 1 .
The pressure on the molten metal is kept constant until the end of solidification. The punch-and-die set is made of hot-die steel and the cast specimens are hexagonal in shape; 8 mm in side length and 120 mm in length. The die is preheated up to 250°C and the melt is poured through the pouring gate into the die at 750°C. The manufacturing conditions of prepared specimens are presented in Table 2 .
1.3. Microstructural Analysis. In order to investigate the effect of applied pressure on the microstructure, a series of pictures is performed using an optical microscope LEICA DMLP with a digital camera JVC. Each specimen is prepared and etched with Kellers reagent [22] . A fracture tensile specimens study is carried out using a scanning electron microscope JEOL 6460 LV under 20 kV. 
Tensile Tests.
In order to evaluate mechanical properties of the gravity and squeeze cast specimens, tests are carried out using an Instron-5567 tensile materials testing machine. The tests are performed under displacement control, with a rate of displacement starting at 2 mm/min. An extensometer (gage length of 12.5 mm, Mod. 2620-601, Instron Corp.) is attached with two rubber bands to the central part of the specimen. For each casting condition four specimens are tested and the mean results are reported. The geometry of the tensile specimens is shown in Fig. 2. 1.5. Hardness Measurement. The hardness of the gravity and squeeze cast specimens is measured by using MEKTON Vickers Hardness Tester and a load of 0.5 kg. Each test is repeated at least five times to get a good average with minimum deviation. Measurements are taken in two different locations in the center and edge of specimens.
339 Fig. 2 . Geometry of tensile test specimen (in mm). Figure 3 shows that all specimens have a fine dendritic structure of the a-primary phase at the edge. Its noticed that the dendrite size appears to be almost comparable. This refinement in structure is due to the increase in cooling rate which occurs by the higher heat transfer coefficient as a result of the contact between the melt and the die wall. In the middle zone, the comparison between different microstructure aspects for the different applied pressure is provided in Fig. 4 . The microstructure of a gravity cast specimen as seen in Fig 4a contains coarse size dendrites. Furthermore, the gravity casting produces highly developed dendrites with a larger DAS because of the long time solidification. Micrographs in Fig. 4b-d , show the microstructure of squeeze cast specimens that are produced under 50, 75, and 100 MPa pressures, respectively. These micrographs reveal that the microstructures of squeeze cast specimens, which are prepared under higher applied pressures, are much finer. It is clear that the applied pressure has significant influence on the microstructure of the alloy. Moreover, the dendrite size of the alloy decreases with the increase of the squeezing pressure. The application of pressure causes greater cooling rates for the solidifying alloy which can be realized due to reduction in the air gap between the alloy and the die wall, hence a larger effective contact area. Obviously, the increase of the undercooling degree and heat-transfer coefficient will 340 result in the refinement of the grain size of squeeze casting alloy [23, 24] , as a result the specimen structure becomes thinner as shown in Fig 4b-d . It is noted that when applied pressure is increased, the DAS is decreased. This effect can be justified by the equation suggested by Ghomashchi and Vikhrov [25] :
Increasing pressure P causes an increase in the freezing point T f of the alloy. In this equation, DH f is the latent heat of fusion and P 0 and R are constants. Increasing the freezing point brings about undercooling in an initially superheated alloy and consequently increases nucleation frequency, causing a finer grain size structure. On a mechanistic approach, such change in freezing temperature is expected due to the reduction in interatomic distance with increasing pressure and thus restriction of atomic movement, which is the prerequisite for melting/freezing. The inter-solubility of constituent elements together with the solubility of impurity and trace elements is also expected to increase with pressure [25] . Figure 4e shows the microstructure of the squeeze cast specimen under 150 MPa pressure. The results show that the dendrite size of the alloy increases. They are more developed than that under 50, 75, and 100 MPa squeezing pressure. This could be due to a severe deformation after solidification in elevated temperature. In fact, the presence of the temperature during the severe plastic deformation can cause coarsening of the particles of silicon and aluminum grain growth. Figure 5 exhibits the effects of applied pressure on the typical tensile properties of cast specimens. The gravity cast specimens has the lowest tensile properties. The increase of the ultimate tensile strength (UTS) and the yield strength (YS 0 2
Tensile Properties.
. ) with applied pressure up to 100 MPa shows a good synchronized effect with increasing of elongation. More specifically, for the squeeze cast specimens with 100 MPa pressure, the increase in the (UTS) was about 44.5%. Also, the increase in the (YS 0 2 . ) is about 38.3%. The variation of the elongation with the applied pressure exhibits the same tendency regardless the specimen condition. It is about 70% in the squeeze pressure range of 100 MPa. Higher tensile properties of specimens squeeze casted under 100 MPa applied pressure can be due to the modification of eutectic silicon and the refinement of a-primay particles. After that, the applied pressure of more than 100 MPa up to 150 MPa decreases the tensile properties of the investigated alloy. The coarsening of dendrite size induces the degradation on the tensile properties. This is emphasized when the microstructure characteristics of specimens are produced under different applied pressures shown in Fig. 5 are compared. Therefore, tensile properties are strongly related to the microstructure, and when there is a refinement of the microstructure tensile properties are improved. . , and the elongation (%) of alloy.
Effect of Pressure on Hardness.
In order to confirm the tensile behavior with increasing applied pressures, the hardness of the cast samples is measured in the center and at the edge. Figure 6 depicts the effect of pressure levels on the Vickers hardness of all cast specimens. A similar value is measured at the edge of the specimens for all the applied pressures, while a significant difference is observed only toward the center of the specimens.
In the specimen center, the Vickers hardness increases steadily from 41 to 52 Hv 0 5 . when the applied pressure of squeeze casting changes from 0.1 to 100 MPa. In the edge, the hardness increases slightly from 50 to 53 Hv 0 5
. when the applied pressure increases from 0.1 to 75 MPa, and then stabilizes until 100 MPa applied pressure. This is due to the increase of cooling rate which is caused by improving contact between the metal and the die cast surface which not only results in refinement of the microstructure of specimens but also in the modification of eutectic silicon particles. The increase of hardness with applied pressure shows a good synchronized effect with increasing of tensile properties. Beyond 100 MPa and up to 150 MPa pressure, the Vickers hardness decreases significantly in the middle zone of sample. This could be due to the shear of fine silicon particles during severe deformation and hence the material loses its hardening mechanisms.
Fractographic Analysis.
To better understand the failure mechanism of the castings under various squeezing pressures, the fracture surface of each specimen is examined with a scanning electronic microscope. Some of the SEM pictures are selectively presented in the current paper. The tensile fracture surface of the gravity die cast alloy as shown in Fig. 7 is brittle in nature. It is evident that an internal discontinuity due to the presence of porosity and a clustering of the shrinkage cavities (in the center of Fig. 7a ) serves as the initiation point of cracks in the 342 Fig. 6 . Effect of pressure on the hardness of squeeze cast and gravity die cast specimens in the center and at the edge. gravity die cast specimens. The failure of the gravity die cast specimens is caused by a combined brittle fracture mechanism of void coalescence and intergranular fracture during tensile deformation (Fig. 7b) . The growth and the coalescence of the cracks result in the final fracture. Figure 3a shows that the Al-rich dendritic matrix (a-Al phase) is coarse, which results in a bad ductility.
The tensile fracture surfaces of the squeeze cast specimens are shown in Fig. 8 . All the specimens are fractured in a ductile and brittle manner consisting of well-developed dimples over the entire surface. The alloys failed in a mixed-mode fracture comprising of intergranular fractures, quasi-cleavage planes, and transgranular shears. Figure 8a shows the fracture surface of the squeeze cast specimen under 50 MPa. The irregular plate shapes of the quasi-cleavage are clearly apparent on the fracture surface. Moreover, the quasi-cleavages occupy a large area with a small number of dimples, indicating that the fracture characteristics exhibit mostly brittle behaviour. When the pressure reaches 75 MPa, the area of the quasi-cleavages is decreased, and the number of dimples is increased as seen in Fig. 8b . Hence, alloy ductility is increased as well (see Fig. 5 ). When the pressure reaches 100 MPa, the quasi-cleavages mostly disappear, the number of dimples is largely increased, and the pockets left by the small grains that are pulled out can be clearly observed (see Fig. 8c ). The reasons for this may be due to the grain refinement and the work hardening, which resulted in the excellent yield strength (see Fig. 5 ) and hardness (see Fig. 6 ) of the alloy. When the pressure is increased to 150 MPa the area of the quasi-cleavages are increased, and the number of dimples are decreased (see Fig. 7d ), the growth of eutectic silicon is started, and the dendrites become coarse as shown in Fig. 4e and result in the decrease of the mechanical properties.
Conclusions. The effects of the pressure on the microstructure and mechanical properties of the squeeze cast Al-13%Si alloy which have a good castability are optimized in this work. The application of pressure has a significant effect on the morphology of the phases in squeeze cast Al-13%Si alloy. When the applied pressure is increased from 0.1 up to 100 MPa the cooling rate increases, which generates the reduction of the dendrites and the DAS. Also, increasing the applied pressure improves tensile properties and hardness. The microstructure refinement ameliorates the strength and the elongation values. The fracture mode is more ductile. There is almost a good agreement between microstructural observations and tensile test results, where the effect of grain refinement is more considerable. When the applied pressure in squeeze casting is increased up to 150 MPa, the DAS is increased, the tensile properties and the hardness of the investigated alloy is decreased. This is due to the severe plastic deformation in the presence of elevated temperature which causes the coarsening of dendrites size and the shear of fine silicon particles.
